Introduction
It can be inferred that young subducted plates show clear physical and chemical processes associated with subduction as compared with old subducted plates. We can expect that a process like assimilation of subducted slab into surrounding mantle is observed in seismicity of subducted plates, their shapes, or relation between subducted plates and volcanism. The Philippine Sea plate, the subduction of which is studied here, is young and involves a dead spreading axis normal to the trench (Kobayashi and Nakada, 1978) .
The Philippine Sea plate subducts under the Eurasian and North American plates. The subduction may be divided into eastern and southwestern parts by the Kyushu-Palau Ridge. In the eastern part, the Shikoku Basin subducts along the Nankai Trough beneath the Shikoku Island. In the southwestern part, the Western Philippine Basin subducts along the Ryukyu Trench beneath the Kyushu and Ryukyu Islands. The Shikoku Basin is about 30 to 20 Ma (Kobayashi and Nakada, 1978) or about 25 to 15 Ma (Shih, 1980a) , which is much younger than the Western Philippine Basin of about 59 to 26 Ma (Shih, 1980b) . The Shikoku Basin is also characterized by a dead spreading axis with N-S trend located near the central part of the Basin (Kobayashi and Nakada, 1978) .
The subduction of the eastern part of the Philippine Sea plate beneath the Shikoku and Chugoku regions in Southwestern Japan is characterized by several geological and geophysical observational results (Shiono, 1988; Uto and Tatsumi, 1996) : 1) The Nankai Trough is much shallower than the Japan Trench. 2) No intermediate and deep earthquakes occur in the mantle. 3) There is no volcano whose activity is supported by historical document. However, the last activities of Daisen and Sambe volcanoes are dated 17 Ka (Saji et al., 1975) and 3.7 Ka (Matsui and Inoue, 1971) , respectively. 4) The thermal structure of the crust is anomaCopy right c The Society of Geomagnetism and Earth, Planetary and Space Sciences (SGEPSS); The Seismological Society of Japan; The Volcanological Society of Japan; The Geodetic Society of Japan; The Japanese Society for Planetary Sciences.
lous. Similar anomalies have also been reported for the Cascade Range of northern California (McKenzie and Julian, 1971; Fowler, 1990) , Peru and central Chile (Isacks and Barazangi, 1977) . Mizoue (1976) investigated the distribution of subcrustal earthquakes beneath southwestern Japan, and made a contour map of the seismic plane (Fig. 1) . Since then, this map had served as a standard in scientific discussions on solid earth of the southwestern Japanese Islands. Yamazaki and Ooida (1985) presented a more detailed contour map for the Philippine Sea plate, but the subcrustal seismicity beneath the Chugoku region was still unknown. Miura et al. (1991) studied the subcrustal seismicity in the western part of the Seto Inland Sea (Seto Naikai) and surrounding regions. They found a small number of earthquakes with depths of about 50 to 70 km beneath the central part of Hiroshima prefecture. They suggest the extension of the leading edge of the seismic Philippine Sea plate down to the uppermost mantle beneath the Seto Inland Sea side of Hiroshima prefecture (34.4 • N). Nakanishi (1980) has analyzed the ScSp phase observed in the western Chugoku region and has suggested that the leading edge of the Philippine Sea plate descending from the Nankai Trough may have reached the upper mantle beneath the Chugoku region. Nishi and Oda (1994) have analyzed the ScSp phase observed at Shibukawa seismological observatory of Okayama University, which is located in the southern part of the eastern Chugoku region. They have suggested that the Philippine Sea plate subducts with a very shallow angle beneath there. Hirahara (1981) , using a threedimensional inversion of travel-time data, has suggested the existence of a high velocity zone in the uppermost mantle beneath the Chugoku region. This high velocity zone is considered as the Philippine Sea plate suggested by Nakanishi (1980) . The existence of the high velocity zone has been supported by recent studies of Oda et al. (1990) and Yamane et al. (2000) . Thus it is very likely that the Philippine Sea plate exists in the uppermost mantle beneath the Chugoku (Mizoue, 1976) . The epicenter of the 1905 Geiyo earthquake is indicated by the solid star. The depths of earthquakes in the Geiyo area and the central to northern Shikoku region are systematically larger in this figure than those in Figs. 3 and 4, and in the contour maps of recent studies (e.g., Yamazaki and Ooida, 1985; Miura et al., 1991) .
region. Kinoshita and Nakanishi (1997) have shown that small subcrustal earthquakes are located beneath the Seto Inland Sea and the southern part of the Chugoku region by examining the data sets from Japan Meteorological Agency (JMA) and Japan University Network Earthquake Catalog (JUNEC). They have suggested that subcrustal earthquakes occur beneath the southern part of Chugoku region due to the subduction of the Philippine Sea plate. Kinoshita and Nakanishi (1997) have used hypocentral data reported in the catalogs of JMA and JUNEC. Reexamination of original seismograms from microearthquake observations may provide us with the northern extension of the leading edge of the subcrustal seismicity due to the subduction of the Philippine Sea plate. The aim of the present study is to investigate the locations, magnitudes and focal mechanisms of subcrustal earthquakes beneath the Chugoku region by analyzing the seismograms recorded by microearthquake observation networks.
Data and Analysis
We analyze the original seismograms recorded by the networks of Hiroshima Seismological Observatory of Earthquake Research Institute, University of Tokyo, and seismological stations of Kochi and Kyoto Universities (Fig. 2) . The observation period ranges from October 5, 1983 to September 24, 1993.
All the earthquakes that we analyze have been located by routine location process of the Hiroshima Seismological Observatory. We relocate the earthquakes with epicentral latitudes higher than 34
• N, depths deeper than 35 km, and local magnitudes larger than 1.5, because the principal aim of this study is to detect the northern end of the subcrustal seismicity due to the subduction of the Philippine Sea plate beneath the Chugoku region. The earthquake relocation is made by using a least-squares method. The arrival times of both direct P-and direct S-waves are read by the authors and JMA travel time tables (Hamada, 1984) are used. Figure 3 shows the epicentral distribution of the earthquakes relocated in this study. Figure 4 shows the vertical cross-sections of the hypocentral locations. The direction of N30
Result
• W of the cross-sections for the areas A-A' and B-B' is perpendicular to the strike of the Nankai Trough.
Two earthquakes are located in the central to northern area of the Chugoku region. These earthquakes are indicated by 'a' and 'b' in Figs. 3 and 4. The location errors of these earthquakes are 1.4 km (latitude), 2.3 km (longitude) and 1.8 km (depth) for 'a', and 6.3 km, 7.4 km and 12.8 km for 'b'.
The source mechanisms of the subcrustal earthquakes with relatively large magnitudes of 3.6 to 4.3 are determined from the polarities of P-wave first motions from the data of JMA and Hiroshima Seismological Observatory (Fig. 5) . We have determined the source mechanisms of five earthquakes. It can be seen in the figure that the Taxes of the earthquakes except October 30, 1987 are oriented roughly parallel to the isoseismic contours near the northern Shikoku region (Fig. 1 of the present paper (Mizoue, 1976) ; Yamazaki and Ooida, 1985) . The direction of isoseismic contour ranges from N105
• E in western Shikoku to N75
• E in eastern Shikoku (Fig. 1) . The directions of the T -axes of the 4 earthquakes range from N110
• E (October 5, 1983) to N75
• E (May 13, 1984) (Fig. 5) . This observation is similar to that for subcrustal earthquakes beneath the Shikoku Islands (Shiono, 1977) , which supports the idea that the earthquakes in Fig. 5 occur in the subducting Philippine Sea plate beneath the Chugoku region.
Discussions
Seismicity. The result of the present study suggests that the seismic part of the Philippine Sea plate has reached the uppermost mantle beneath the southern to central part of the western Chugoku region (Fig. 4) . Kinoshita and Nakanishi (1997) and the present study show that there occur earthquakes associated with the subducting Philippine Sea plate beneath the Seto Inland Sea and the southern to central part of the Chugoku region. These studies also show that the seismicity of the uppermost mantle of the region is very low as compared with that of the Shikoku region. However, a large earthquake occurred on June 2, 1905 in the southern part of the western Chugoku region (Aki-Nada or Geiyo area). This earthquake caused 11 deaths and 64 total collapses of buildings. The depths and the magnitudes estimated range 40 to 100 km and 6.7 to 7.9, respectively (Miyagawa et al., 1998a, b) . In most contour maps of seismic plane for this region (Mizoue, 1976; Yamazaki and Ooida, 1985; Shiono, 1988) , the isoseismic contour for the Philippine Sea plate does not reach the epicentral area of this earthquake, except in the contour map suggested by Miura et al. (1991) .
In the Geiyo area, large earthquakes occurred with an approximately constant interval of about 40 to 50 years in 1649 (Keian 2, M 7.0), 1686 (Jyokyo 2, M 7.0∼7.4), 1733 (Kyoho 18, M 6.6), 1812 (Bunka 9, M 7.0), 1857 (Ansei 4, M 7 1/4), 1905 (Meiji 38, M 7 1/4), and 1949 (Shyowa 24, M 6.2) (Hatori, 1989; Usami, 1996; Nakanishi and Nakamura, 2000) . A moderate earthquake with a JMA magnitude of 6.7 occurred at 6 h 28 m (GMT) on March 24, 2001 (Heisei 13). The earthquake struck the Chugoku and Shikoku regions and caused 2 deaths and 69 total collapes of buildings (June 4, 2001) . Hypocenter location (34.1
• N, 132.7
• E, 51 km) and CMT solution are seen in web pages of DPRI (Disaster Prevention Research Institute, Kyoto University) and NIED (National Research Institute for Earth Science and Disaster Prevention). Thus detailed seismological study of this area is still important for the prevention of disasters due to earthquakes in the Philippine Sea plate. Source mechanism. As mentioned above, Fig. 5 shows that the T -axes of the subcrustal earthquakes except October 30, 1987 in the southern Chugoku region are oriented parallel to the isoseismic contours near the northern Shikoku region (Fig. 1) . The same orientation of the T -axes of subcrustal earthquakes is found in subcrustal earthquakes in the Shikoku, Kii (Shiono, 1977) , and Tokai (Ukawa, 1982) regions. Therefore, the stress state within the subducting Philippine Sea plate beneath the southern Chugoku region may be close to the stress state of the Philippine Sea plate beneath those regions. Figure 5 shows that one of the two nodal planes is steep in all of the five earthquakes. We might be able to infer that the fault plane of the 1905 earthquake is also steep. Preliminary analysis of old seismograms of this earthquake (Miyagawa et al., 1998a, b) shows that the least-squares fit to the seismograms is obtained for a normal fault mechanism solution (strike = 142
• ). The 2001 Geiyo earthquake and its aftershocks provide us with supporting evidence for the above discussion. The CMT solution of the main shock determined by NIED is (M W = 6.8, strike = 188
• , dip = 59
• , rake = −56
• ). The T -axes of the main shock and the aftershocks are oriented to ENE-WSW to E-W directions. The aftershock distribution determined by DPRI show an approximately N-S trend.
Volcanoes. Volcanism in Northeastern Japan is explained by melting of the mantle wedge overlying the subducting Pacific plate. However, the subduction of the Philippine Sea plate beneath Southwestern Japan occurs at a shallow angle and it seems difficult to explain the Quaternary volcanism in this region by melting of very narrow or nonexistent mantle wedge. Defant and Drummond (1990) suggest the idea of slab melting to explain the chemical composition of magmas termed 'adakites' by partial melting of young subducted slab, and show that subducting plate younger than 25 Ma is required for the slab melting. Morris (1995) shows that unusual chemistry of volcanic rocks from Sambe and Daisen volcanoes, which are similar to adakites in chemistry, and the aseismicity in the uppermost mantle beneath this region, can be explained by melting of the Philippine Sea plate at depths of about 75 to 100 km beneath the Quaternary volcanic front of the Chugoku region. The results of the present study, Nakanishi (1980) , and Nakanishi et al. (1981) are consistent with his model. Recent tomographic studies by Yamane et al. (2000) and Nakanishi and Honda (2000) suggest that high-velocity extension of the subducting Philippine Sea plate is located beneath the volcanic front of the Chugoku region. The initiation of melting of the Philippine Sea plate can explain the very low seismicity of high-velocity extension of the Philippine Sea plate.
Tectonics. Shiono (1992) suggests a model which explains the relation between the location of the leading edge of the Philippine Sea plate and the Quaternary activity of the Median Tectonic Line (Okada, 1980) . His model requires that the plate is not located in the mantle beneath the southern part of the eastern Hiroshima and western Okayama (Fig. 3) . The occurrence of subcrustal earthquakes beneath these areas is inconsistent with his model.
The Chugoku region is underlain by the Philippine Sea plate and the Pacific plate. Thus we have to consider the two subducting plates to explain very complex tectonic and petrological features of the Chugoku region. Further discussion on these problems is beyond the scope of the present paper.
Conclusion
The result of the present study suggests that the seismic leading edge of the Philippine Sea plate has reached the uppermost mantle beneath the southern to central part of the western Chugoku region, Japan. The most possible cause of the very low seismicity may be the initiation of melting of the Philippine Sea plate.
